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ABSTRACT
The objectives of this study were to (1) evaluate fac-
tors associated with variation in circulating anti-Mül-
lerian hormone (AMH) concentrations, (2) establish an 
optimum AMH threshold predictive of pregnancy to 
first artificial insemination (P/AI), (3) examine the re-
lationship between AMH and fertility (P/AI, pregnancy 
loss between 30 and 60 d after artificial insemination, 
and pregnancy risk up to 250 d postpartum), and (4) 
identify quantitative trait loci associated with pheno-
typic variation of AMH concentrations in dairy cows. 
Serum AMH concentrations (pg/mL) were determined 
at 7 ± 2.4 d postpartum in 647 lactating Holstein cows 
(213 primiparous, 434 multiparous) from 1 research and 
6 commercial dairy herds in Alberta, Canada. Of these, 
589 cows were genotyped on the 26K Bovine BeadChip 
(Neogen Inc., Lincoln, NE) and subsequently imputed 
to the Illumina Bovine High Density BeadChip (Il-
lumina, San Diego, CA) for genome-wide association 
analysis for variation in serum AMH concentrations. 
Factors associated with variation in serum AMH con-
centrations and the relationship between categories 
of AMH and aforementioned fertility outcomes were 
evaluated only in a subset of 460 cows that had a com-
plete data set available. The overall mean (±standard 
error of the mean), median, minimum, and maximum 
AMH concentrations were 191.1 ± 6.3, 151.7, 13.9, and 
1,879.0 pg/mL, respectively. The AMH concentrations 
were not associated with herd, precalving body condi-
tion score, postpartum week, and season of sampling; 
the lactation number, however, had a quadratic rela-
tionship with serum AMH concentrations (116.2, 204.9 
204.5, and 157.9 pg/mL for first, second, third, and 
≥fourth lactation, respectively). The optimum AMH 
threshold predictive of P/AI could not be established 
because the receiver operating characteristic curve 
analysis model was nonsignificant. Categories of AMH 
[low (<83.0 pg/mL; n = 92), intermediate (≥83.0 to 
≤285.0 pg/mL; n = 276), and high (>285.0 pg/mL; 
n = 92) based on lowest 20%, intermediate 60%, and 
highest 20% serum AMH) had no associations with P/
AI (34, 43, and 40%), pregnancy loss between 30 and 60 
d after artificial insemination (20, 12, and 8%), or preg-
nancy risk up to 250 d postpartum. One candidate gene 
associated with AMH production [AMH gene on Bos 
taurus autosome (BTA) 7] and 4 candidate genes re-
lated to embryo development (SCAI and PPP6C genes 
on BTA11 and FGF18 and EEF2K genes on BTA20 
and BTA25, respectively) were in linkage disequilib-
rium with single nucleotide polymorphisms associated 
with phenotypic variation in serum AMH in dairy cows.
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INTRODUCTION
A trait that has high variability, repeatability, herita-
bility, and associations with fertility would be an ideal 
candidate for genetic selection to augment reproductive 
performance in dairy cows. The use of circulating anti-
Müllerian hormone (AMH) concentrations as a poten-
tial fertility trait in cattle has been of recent interest to 
many researchers (Ribeiro et al., 2014; Baruselli et al., 
2015; Jimenez-Krassel et al., 2015; Gobikrushanth et 
al., 2017). Anti-Müllerian hormone, a dimeric glycopro-
tein produced by granulosa cells of growing preantral 
and antral follicles (La Marca and Volpe. 2006), is a 
marker of ovarian follicular reserve in cattle (Rico et 
al., 2009; Monniaux et al., 2012). A positive correla-
tion between circulating AMH and antral follicle counts 
(AFC) in cattle has also been reported (Ireland et al., 
2008; Rico et al., 2009; Gobikrushanth et al., 2017).
In cattle, AMH concentrations were highly variable 
among animals but were quite repeatable within an an-
imal (Rico et al., 2009; Monniaux et al., 2012; Ribeiro 
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et al., 2014; Gobikrushanth et al., 2017). Maternal 
nutritional status, species, breed, and lactation number 
were all identified as potential factors associated with 
phenotypic variation in AMH concentrations in cattle 
(Mossa et al., 2013; Batista et al., 2014; Ribeiro et al., 
2014). Interestingly, however, the associations between 
circulating AMH concentrations and reproductive out-
comes remain unclear (Ribeiro et al., 2014; Baruselli 
et al., 2015; Jimenez-Krassel et al., 2015). Hence, ad-
ditional studies are warranted to further elucidate the 
factors that affect circulating AMH concentrations and 
the relationship between circulating AMH and pheno-
typic fertility performance.
An optimum circulating AMH threshold predictive of 
pregnancy outcomes to first AI (P/AI), heritability of 
AMH, and genome-wide association studies (GWAS) 
identifying SNP associated with phenotypic variation 
in AMH concentrations are novel aspects yet to be 
explored in dairy cows. If a positive association ex-
ists between AMH and reproductive outcomes and an 
optimum AMH threshold could be established, it will 
assist dairy producers to make economically beneficial 
decisions by selectively breeding cows with high AMH 
to improve reproductive efficiency of dairy herds. In 
addition, identification of genetic makers (SNP) asso-
ciated with variation in circulating AMH concentra-
tions would potentially help to identify, and preselect 
at birth, future elite genetic merit donors with greater 
embryo production potential for use in multiple ovula-
tion embryo transfer programs in dairy cattle.
Therefore, the primary objectives of the current 
study were to (1) evaluate the factors associated with 
variation in circulating AMH concentrations, (2) estab-
lish an optimum AMH threshold that has predictive 
value for P/AI, (3) examine the relationship among 
categories of AMH and fertility [P/AI, pregnancy loss 
between 30 and 60 d post-AI (PLOSS), and pregnancy 
risk up to 250 d postpartum], and (4) identify QTL 
associated with phenotypic variation in AMH concen-
trations in dairy cows.
MATERIALS AND METHODS
Animals and Management
This study was conducted in 1 research herd (Dairy 
Research and Technology Centre, University of Alberta) 
and 6 commercial dairy herds located in Alberta be-
tween November 2014 and 2015. Animals were housed 
and cared for in accordance with the requirements of 
Canadian Council on Animal Care (2009). Cows were 
fed once daily a TMR (primary ingredients were barley 
or corn silage, alfalfa silage, alfalfa hay, and concen-
trates) and had ad libitum access to potable water. 
Cows from 4 herds were subjected to GnRH-based 
synchronization protocols and inseminated without 
estrus detection for first and subsequent AI (timed AI), 
whereas cows from 3 other herds were inseminated at 
detected estrus (IDE).
Blood Sampling and Determination of Serum 
Concentrations of AMH
Blood samples were collected at (mean ± SD) 7 ± 
2.4 d postpartum from 647 lactating Holstein cows (213 
primiparous, 434 multiparous) from a coccygeal blood 
vessel using evacuated Vacutainer (Becton Dickinson 
and Company, Franklin Lakes, NJ) into clot-activator 
tubes (serum tubes) for AMH determination and anti-
coagulant K2 EDTA coated tubes (EDTA tubes) for 
genotyping. After collection, serum tubes were left 
undisturbed for about 2 h to allow clot formation and 
were then centrifuged at 1,500 × g for 20 min at 4°C, 
serum harvested, and frozen at −20°C until assayed for 
AMH. The EDTA tubes were frozen at −20°C until 
processed for genotyping. Serum concentrations (pg/
mL) of AMH were analyzed at Ansh Labs (Webster, 
TX) using the Ansh Labs Bovine AMH ELISA. The 
assay has an analytical measurable range of 13.5 to 
2,240 pg/mL. The AMH assay limit of detection was 
11 pg/mL, and the intra- and interassay coefficients of 
variation were <5%.
Determination of BCS, Reproductive Measurements, 
and Milk Yield for the Current Lactation
Body condition scores were determined between 1 
and 2 wk before the estimated calving date (hereafter 
referred to as precalving BCS) and again between 4 and 
6 wk after calving (hereafter referred to as postcalv-
ing BCS) on a 1 to 5 scale system measured in incre-
ments of 0.25 units (1 = thin, 5 = fat) as previously 
described (Edmonson et al., 1989). The reproductive 
data and 305-d mature-equivalent (MEQ) milk yield 
were retrieved using DairyComp 305 herd management 
software (CanWest DHI, Guelph, Ontario, Canada).
Genotyping, Quality Control, and Imputation
The DNA extraction was performed on blood sam-
ples drawn from a subset of 589 lactating Holstein cows 
using the Qiagen BioSprint 96 DNA (3840) Kit blood 
and tissue protocol (Qiagen, Toronto, ON, Canada). 
The DNA samples were normalized and genotyped 
according to the Illumina Infinium Ultra protocol (Il-
lumina, San Diego, CA) and markers were scored on 
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the Bovine Geneseek Genomic Profiler 26K BeadChip 
(Neogen Inc., Lincoln, NE) at Delta Genomics (Ed-
monton, AB, Canada). The beadchips were scanned 
using the Illumina HiScan (Illumina), and the raw data 
were processed and exported using Genome Studio 2.0 
software according to the Genome Studio Framework 
User Guide (Illumina) based on a selection criterion of 
at least 95% animal call rate.
Genotype quality control was performed using 
PLINK v1.09 (Purcell et al., 2007). All SNP with an 
unknown Y chromosomal or mitochondrial position 
were excluded. In addition, SNP with a call rate <90%, 
minor allele frequency <0.01, and significant deviation 
from Hardy-Weinberg equilibrium (P ≤ 10−6) were 
removed. All animals had a genotype call rate >90% 
and 19,896 SNP remaining after edits. To increase the 
density of the SNP panel for GWAS, imputation to 
the Illumina Bovine high-density (HD) beadchip was 
undertaken using FImpute2 (Sargolzaei et al., 2014). 
Imputation was completed using a 2-step approach 
whereby the 589 animals were first imputed to the Illu-
mina BovineSNP50 chip using a reference population of 
3,532 Irish Holstein-Friesian BovineSNP50 genotyped 
animals, and subsequently imputed to HD using a 
reference population of 974 Irish Holstein-Friesian HD 
genotyped animals. After imputation, all 589 cows had 
636,471 SNP with a minor allele frequency >0.01 for 
analysis.
Statistical Analyses
Data were analyzed using SAS version 9.4 (SAS In-
stitute Inc., Cary, NC). The descriptive statistics and 
normality for serum AMH concentrations (pg/mL) 
were first determined in all 647 cows using the UNI-
VARIATE procedure.
To identify factors associated with serum AMH 
concentrations (dependent continuous variable), a 
multivariable model including herd (A, B, C, D, E, 
F, and G), lactation number (first, second, third, and 
≥fourth lactations), precalving BCS (categorized as 
high and low BCS; >3.00 and ≤3.00, respectively), 
week postpartum (first and second week), and season 
of blood sampling (fall, spring, summer, and winter) 
were used to explain the variability observed in serum 
AMH concentration by ANOVA method using the 
MIXED procedure in a subset of 460 cows that had a 
complete data available on the aforesaid explanatory 
variables studied. In addition, contrast statements were 
constructed to test linear, quadratic, and cubic effects 
of lactation number on serum AMH concentrations. 
Data pertaining to serum AMH concentrations were 
first transformed by Box-Cox data transformation to 
meet the assumptions for a Gaussian distribution. The 
serum concentrations of AMH (transformed values) 
were initially modeled against all of the aforementioned 
categorical variables and their interactions. As none of 
the interactions was significant, the final model only 
had the categorical variables modeled against serum 
AMH concentrations, and the differences in means were 
tested using the Tukey-Kramer multiple means com-
parison test. The reported results are back-transformed 
for ease of interpretation.
The optimum AMH threshold predictable of P/AI, in-
cluding sensitivity and specificity, was first determined 
in 563 cows that had P/AI data available using the 
receiver operating characteristic (ROC) curve analysis. 
A priori power analysis based on type I error of 0.05, 
power of 0.80, and an allocation ratio of 1:2 (assuming 
only one-third of cows become pregnant to the first 
AI) to obtain an area under the curve of 0.60 called for 
only 219 cows in total to attain statistical significance. 
The ROC curves analyze sensitivity and 1 − specificity. 
Sensitivity is the proportion of cows above the optimum 
AMH threshold diagnosed as pregnant to first AI, and 
specificity is the proportion of cows below the optimum 
AMH threshold diagnosed as not pregnant to first AI. 
The optimum AMH threshold was chosen based on the 
highest Youden’s J statistic index. The significance of 
the optimum AMH threshold was determined based 
on the area under the curve (AUC), where the AUC 
ranged from 0.50 to 1.00, with AUC of 0.50 considered 
noninformative and the AUC of 1.00 considered perfect 
as previously described (Swets, 1988).
A subset of 460 cows that had a complete data 
set available for both reproductive outcomes and all 
explanatory variables were ranked across herds in an 
ascending order by serum AMH concentrations and 
grouped into low AMH (lowest 20% values; n = 92; 
mean = 56.6; range = 13.9 to 81.7 pg/mL), intermedi-
ate AMH (intermediate 60% values; n = 276; mean = 
164.6; range = 83.8 to 284.9 pg/mL), or high AMH 
(highest 20% values; n = 92; mean = 420.1; range = 
287.4 to 1,879.0 pg/mL) categories. Cows were ranked 
across herds as there was no overall effect of herd on 
variation in serum AMH concentrations, and one of 
the objectives of the study was to establish a common 
cutoff across herds. In addition, the categories were 
chosen to mimic the proposed importance of ovarian 
reserve for fertility (Ireland et al., 2011) and to take an 
approach similar to that of Ribeiro et al. (2014).
The associations among categories of serum AMH 
(low AMH, intermediate AMH, and high AMH), type of 
AI (IDE and timed AI), herd (A, B, C, D, E, F, and G), 
parity (primiparous and multiparous), precalving BCS 
(categorized as high and low BCS; >3.00 and ≤3.00, 
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respectively), postcalving BCS (categorized as high and 
low BCS; >2.75 and ≤2.75, respectively), and 305-d 
MEQ milk yield (categorized as high and low MEQ 
milk yield based on mean 305-d MEQ milk yield within 
each herd) and P/AI or PLOSS were analyzed using the 
GLIMMIX procedure, whereas the model specifications 
included a binomial distribution and logit function, and 
an option to retrieve odds ratios and their confidence 
intervals. The P/AI or PLOSS was initially modeled 
against all of the aforementioned categorical variables 
and their interactions. As none of the interactions was 
significant, the final model included only the categori-
cal variables and tested against P/AI or PLOSS. The 
mean 305-d MEQ milk yield was 12,197, 11,349, 13,686, 
9,858, 11,031, 11,502, and 12,387 kg for herds A to G, 
respectively, and the overall mean milk production for 
all cows was 11,092 kg.
The differences in intervals from calving to preg-
nancy risk up to 250 d postpartum between categories 
of serum AMH were evaluated using the Kaplan-Meier 
Survival analysis (LIFETEST procedure). The results 
from Kaplan-Meier survival analysis were confirmed by 
a Cox proportional hazard model (PHREG procedure). 
Significant differences were reported if P ≤ 0.05 and 
considered to be a tendency if P >0.05 and ≤0.10.
GWAS and Estimation of Genomic  
Heritability for AMH
Whole genome association analysis was performed in 
genome-wide complex trait analysis (Yang et al., 2011) 
using a mixed linear model-based association analysis 
based on the leave-one-chromosome-out method (Yang 
et al., 2014), across all 589 genotyped animals. This 
approach accounts for population substructure and 
relatedness through the construction of genomic rela-
tionship matrixes. The following model was used for 
analysis: 
 y g e= + + +−µ bx , 
where y is the Box-Cox transformed AMH dependent 
variable, µ is the overall mean, b is a vector of fixed 
effects including herd and the additive effect of the 
candidate SNP tested for association, x is the incidence 
matrix for the parameters b, g− is the accumulated 
polygenic effect of all SNP except those on the chro-
mosome where the candidate SNP is located, and e is 
the residual. False discovery rate control was performed 
using the Benjamini-Hochberg method using a false 
discovery rate of 0.05. Gene search was done using En-
sembl (http:// ensembl .org/ ) and National Center for 
Biotechnology Information map viewer (http:// www 
.ncbi .nlm .nih .gov/ mapview/ ) on the UMD 3.1 genome 
build. The relative roles of nearest candidate genes 
were searched using both the Bovine Genome Data-
base (http:// bovinegenome .org/ ) and Human Genome 
Database (http:// www .genecards .org/ ). In addition, 
the proportion of phenotypic variance accounted for by 
all SNP (SNP-based heritability/genomic heritability) 
was estimated using the genomic REML approach in 
genome-wide complex trait analysis (Yang et al., 2010). 
To ensure the genomic heritability estimate was not 
inflated due to close familial relationships, all animals 
with an estimated coefficient of relatedness of >0.125 
were removed (n = 391) before estimation.
RESULTS AND DISCUSSION
The overall mean (±SEM), median, minimum, and 
maximum serum AMH concentrations were 191.1 ± 
6.3, 151.7, 13.9, and 1,879.0 pg/mL, respectively. The 
circulating concentrations of AMH were highly variable 
among cows in the current study (Figure 1) as reported 
in previous studies (Monniaux et al., 2012; Ribeiro et 
al., 2014; Gobikrushanth et al., 2017). The variation in 
circulating AMH were reported to be associated with 
maternal nutritional status, species, breed, and lacta-
tion number in cattle (Mossa et al., 2013; Batista et 
al., 2014; Ribeiro et al., 2014). In this regard, Mossa 
et al. (2013) showed that female calves of dams that 
had been nutritionally restricted from 11 d before AI 
up to d 110 of gestation had lower circulating AMH 
concentrations from 4 mo to 1.8 yr of age compared 
with control calves born to mothers that had no nutri-
tional restriction imposed during gestation (~180 vs. 
280 pg/mL). Batista et al. (2014) reported that Bos 
indicus heifers had greater circulating AMH than Bos 
taurus heifers (930 vs. 300 pg/mL). Moreover, Ribeiro 
et al. (2014) found that Jersey and Holstein × Jersey 
crossbred cows had greater plasma AMH concentra-
tions than Holstein cows (337 and 298 vs. 264 pg/mL) 
and that second and third lactation cows (irrespective 
of breed) had higher plasma AMH than those of first 
and fourth lactation (342 and 328 vs. 257 and 273 pg/
mL, respectively).
In the present study, none of the nongenetic factors 
evaluated were associated with serum concentrations 
of AMH in dairy cows (Figure 2). Although there was 
no overall herd effects on the variation in serum AMH 
concentrations (Figure 2A; P = 0.25), it was greater for 
herd F compared with herd B (P = 0.03), but the exact 
reason underpinning this difference is unknown. It is 
plausible, however, that genetic variation among cows 
both within and between herds for circulating AMH 
might have been a contributory factor. A quadratic 
relationship between serum AMH concentrations and 
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lactation number was observed in the current study (P 
< 0.01; Figure 2B). This is consistent with previous 
observations of circulating AMH and lactation number 
in dairy cows (Ribeiro et al., 2014) or between AFC 
and age in beef heifers and dairy cows (Cushman et al., 
2009, and Mossa et al., 2012, respectively). Collectively, 
these results support the hypothesis that circulating 
concentrations of AMH increase with greater ovarian 
follicular recruitment up to 5 yr of age (or third par-
ity) and then decline following gradual depletion of the 
ovarian reserve. In addition, we found that precalving 
BCS, postpartum week or season of blood sampling 
did not influence serum AMH concentrations in dairy 
cows (Figure 2C, 2D, and 2E). Monniaux et al. (2012) 
reported that AMH concentrations were quite stable 
when repeatedly measured in a same set of cows at 
8, 18, 28, 38, and 48 d postpartum, despite marked 
changes in energy balance status. Therefore, for a given 
species, breed, or lactation number, circulating AMH 
concentrations do not appear to be influenced by some 
of the common explanatory variables used in reproduc-
tive studies such as BCS, week postpartum, and season.
As mentioned elsewhere, if a positive association 
exists between AMH and reproductive outcomes and 
an optimum AMH threshold could be established, it 
will assist dairy producers to make economically ben-
eficial decisions by selectively breeding cows with high 
AMH to improve reproductive efficiency of dairy herds. 
Therefore, we proposed to identify the optimum cir-
culating AMH threshold that was predictive of P/AI. 
Using ROC curve analysis, however, the association be-
tween serum AMH and P/AI was not significant (P = 
0.72; n = 563); consequently, the optimum circulating 
AMH threshold, including its sensitivity and specificity, 
that could predict P/AI was not established. A previ-
ous report by Baruselli et al. (2015) also failed to detect 
any association between circulating AMH and age at 
conception in 528 nulliparous heifers or the interval 
from calving to conception in 223 Nelore cows (Bos in-
dicus). Collectively, these findings suggest that the use 
of circulating AMH as a predictor of fertility outcomes 
in cattle seems unrealistic.
The role of AMH on reproductive function is poorly 
understood, and therefore the exact mechanisms linking 
AMH to fertility, if any, are unknown. A recent review 
by Dewailly et al. (2014) suggested that AMH plays 2 
major functions in women: (1) inhibition of follicular 
growth from the primordial follicle reserve, averting 
premature exhaustion of the ovarian follicular reserve; 
and (2) reduction in the responsiveness to FSH of pre-
antral and small antral follicles, restricting ovarian fol-
licular growth. Nevertheless, the relative importance of 
these specific functions of AMH on fertility is not clear. 
Ribeiro et al. (2014) was the first to report that cows (a 
combination of Holstein, Jersey, and Holstein × Jersey 
crossbreds) with low (≤140.0), intermediate (>140.0 to 
≤ 450.0), and high (>451.0) plasma AMH concentra-
tions (pg/mL) did not differ in P/AI following a timed 
AI event; however, some evidence indicated that cows 
in the low AMH category had greater embryo mortality 
after timed AI, and had lower likelihood of pregnancy 
establishment after subsequent spontaneous estrus (AI 
and natural service). Moreover, Jimenez-Krassel et 
al. (2015) found no association between serum AMH 
concentrations (categorized into quartiles) in 11- to 
15-mo-old Holstein heifers and subsequent measures of 
reproductive success as heifers and as lactating cows 
(conception rate at first AI, days open, calving inter-
val, and services per conception). Of note, however, 
Jimenez-Krassel et al. (2015) reported that the total 
percentage of lactating cows that became pregnant 
across parities 1 to 3 combined was significantly lower 
Figure 1. The distribution of serum anti-Müllerian hormone (AMH) concentrations at 7 (±2.4) d postpartum in all 647 lactating Holstein 
cows. The lowest and highest serum AMH concentrations were 13.9 and 1,879.0 pg/mL, respectively.
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for cows in the first quartile compared with those in the 
second or third quartiles, but was not different from 
cows in the fourth quartile. In the present study, P/AI 
(34, 43, and 40%; P = 0.37) and pregnancy risk up to 
250 d postpartum were similar among low, intermedi-
ate, and high AMH cows subjected either timed AI or 
Figure 2. The associations among herd, lactation number, precalving BCS, week postpartum, season, and serum anti-Müllerian hormone 
(AMH) concentrations at 7 (±2.4) d postpartum in a subset of 460 lactating Holstein cows (A, B, C, D, and E, respectively). The serum con-
centrations of AMH (transformed values) were back transformed for ease of interpretation.
Journal of Dairy Science Vol. 101 No. 8, 2018
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IDE (Table 1 and Figure 3, respectively). Although no 
statistical significance was detected, cows IDE that had 
low serum AMH concentrations had P/AI that was 8 
to 10% lower than cows with intermediate or high se-
rum AMH concentrations (24, 32, and 34%; P = 0.57). 
Therefore, future studies should focus on the evaluation 
of circulating AMH and fertility in a larger population 
of dairy cows inseminated at detected estrus to fur-
ther test the favorable relationship between circulating 
AMH concentrations and fertility reported herein and 
by others (Ribeiro et al., 2014; Jimenez-Krassel et al., 
2015).
Similar to the lack of associations reported between 
serum AMH categories and pregnancy establishment 
(i.e., P/AI or pregnancy risk up to 250 d postpartum), 
PLOSS also not differ between low, intermediate, and 
high AMH categories (20 vs. 12 and 8%, respectively, 
P = 0.38). This was likely because only a small propor-
tion of cows that became pregnant to first AI contrib-
uted toward PLOSS data under each AMH categories 
[low AMH = (6/30), intermediate AMH = (14/113), 
and high AMH = (3/36)]. In this regard, Ribeiro et al. 
(2014) found significantly greater pregnancy losses in 
cows with low plasma AMH concentrations compared 
with cows with intermediate or high plasma AMH 
concentrations (17 vs. 9 and 8%, respectively) and sug-
gested that the greater pregnancy losses observed for 
cows with low circulating AMH concentration may be 
at least in part explained by the low-AFC (presumed 
to have low AMH), low-progesterone model initially 
proposed by Jimenez-Krassel et al. (2009). Therefore, 
the preliminary results on the association between 
AMH and embryo survival in the current and previ-
ous (Ribeiro et al., 2014) studies, and the molecular 
mechanisms underlying this association warrants fur-
ther investigation in dairy cows.
The genomic heritability of AMH and a GWAS iden-
tifying potential QTL associated with phenotypic varia-
Table 1. Associations among categories of serum anti-Müllerian hormone (AMH), type of AI, herd, parity, 
pre- and postcalving BCS, 305-d mature-equivalent (MEQ) milk yield, and pregnancy to first AI (P/AI) in a 
subset of 460 Holstein cows
Variable
LSM for P/AI, %  
(no./no.)
Odds ratio  
estimate 95% CI P-value
AMH category1     
 High 40.2 (36/92) 1.29 0.67–2.47 0.37
 Intermediate 43.2 (113/276) 1.46 0.86–2.49  
 Low 34.2 (30/92) Reference   
Type of AI2     
 IDE 38.4 (63/164) 0.97 0.65–1.43 0.87
 TAI 39.2 (116/296) Reference   
Herd     
 A 48.0 (40/80) 0.72 0.20–2.61 0.16
 B 39.4 (37/99) 0.51 0.14–1.82  
 C 20.0 (3/15) 0.19 0.03–1.12  
 D 37.0 (54/146) 0.51 0.14–1.84  
 E 29.0 (20/69) 0.33 0.09–1.20  
 F 48.7 (19/39) 0.70 0.18–2.70  
 G 50.0 (6/12) Reference   
Parity     
 Multiparous 33.4 (106/308) 0.61 0.39–0.95 0.03
 Primiparous 45.2 (73/152) Reference   
Precalving BCS3     
 High (>3.00) 40.2 (78/194) 0.93 0.55–1.56 0.79
 Low (≤3.00) 38.0 (101/266) Reference   
Postcalving BCS3     
 High (>2.75) 46.7 (85/185) 1.54 0.93–2.56 0.09
 Low (≤2.75) 34.2 (94/275) Reference   
305-d MEQ milk yield4 (kg)     
 High (>11,092) 33.3 (79/237) 0.77 0.50–1.17 0.21
 Low (≤11,092) 44.8 (100/223) Reference   
1AMH category: the mean and range of serum AMH concentrations (pg/mL) for cows grouped into low (mean 
= 56.6; range = 13.9 to 81.7), intermediate (mean = 164.6; range = 83.8 to 284.9), and high AMH (mean = 
421.4; range = 287.4 to 1,879.0) categories.
2Type of AI: cows were inseminated at detected estrus (IDE) or received timed AI (TAI) following synchroniza-
tion of ovulation.
3Categories of precalving BCS (determined between 1 and 2 wk before calving) and postcalving BCS (deter-
mined between 4 and 6 wk after calving) were based on precalving BCS of 3.00 and postcalving BCS of 2.75.
4Cows were categorized as high or low if 305-d MEQ milk yield was > or ≤ the mean within each herd, respec-
tively. Overall mean across herds was 11,092 kg.
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tion in AMH concentrations are novel aspects yet to be 
explored in dairy cows. In a preliminary report, Nawaz 
et al. (2017) estimated a genomic heritability of 0.36 for 
circulating AMH concentrations using 2,914 Holstein 
dairy heifers. A slightly greater genomic heritability of 
0.46 (SE = 0.31) was estimated in the present study; 
however, caution should be taken when interpreting 
such a result due to large standard error and small 
sample size (n = 198) used in the heritability estima-
tion after excluding 391 cows that had close familial 
relationships out of 589 cows genotyped. Interestingly, 
the moderate heritability estimate reported for circu-
lating AMH in the current study and that of Nawaz 
et al. (2017) were quite comparable to the heritability 
estimate of 0.31 reported for AFC in dairy cows (Walsh 
et al., 2014). In total, 670 SNP across 12 BTA were 
significantly associated with variation in serum AMH 
concentration after adjustment for multiple testing 
(Figure 4). The list of nearest candidate genes identi-
fied for each significant lead SNP from their respective 
chromosomes and the major proteins encoded by those 
candidate genes are listed in Table 2. Only candidate 
genes that were related to AMH and fertility are dis-
cussed below. The strongest association (P = 1.58 × 
10−8; q = 6.92 × 10−5, where q is the adjusted P-value 
after controlling for false discovery rate of <0.05) on 
BTA7 (rs43505499) was located 15.51 kb upstream of 
the AMH gene, suggesting that variants within AMH or 
perhaps regulatory regions of this gene are associated 
with the variability in circulating AMH concentrations. 
This is further substantiated by the significant associa-
tion of the upstream AMH variant rs43505519 (P = 
1.49 × 10−7; q = 4.27 × 10−4). Further fine mapping 
of this genomic region is required to identify the causal 
variants affecting AMH production. In the interim, 
however, this QTL could be used to identify heifers 
and cows as potential donors for future superovulation 
programs.
The strongest associations with AMH variation were 
located on BTA11, where 513 SNP within a 14-Mb 
region remained significantly associated after adjust-
ment for multiple testing. Several putative candidate 
genes were identified within close proximity (<200 kb) 
of the strongest association (rs109286956) including 
SCAI and PPP6C. Indeed, 3 of the 5 strongest as-
sociations on BTA11 (rs109629605, rs109469337, and 
rs109162401) were located within regulatory regions of 
PPP6C, which has been recently described as indis-
pensable for mouse embryogenesis after implantation; 
mice lacking the Ppp6c phosphatase domain showed 
Figure 3. Kaplan-Meier survival curve illustrating the probability of pregnancy risk up to 250 d postpartum based on anti-Müllerian hormone 
(AMH) concentrations (pg/mL) in serum categorized as low (mean = 56.6; range = 13.9 to 81.7; n = 92), intermediate (mean = 164.6; range = 
83.8 to 284.9; n = 276), or high AMH (mean = 421.4; range = 287.4 to 1,879.0; n = 92) in a subset of 460 lactating Holstein cows. The overall 
likelihood of pregnancy by 250 d postpartum did not differ between categories of AMH (P = 0.44). The hazard of pregnancy risk up to 250 d 
postpartum did not differ between cows in the high and low AMH categories (hazard ratio = 1.18; CI: 0.85–1.65; P = 0.33). Likewise, it did not 
differ between cows in the intermediate and low AMH categories (hazard ratio = 1.19; CI: 0.91–1.56; P = 0.21). Color version available online.
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clear developmental defects after implantation and no 
viable pups were born (Ogoh et al., 2016). In addition, 
SCAI deficiency has also been associated with subfertil-
ity in mice, whereby SCAI-deficient mice were found 
to contain few or no developing primary follicles and 
showed a 7-fold reduction in fertility rates in compari-
son to controls (Hansen et al., 2016).
Furthermore, the candidate genes FGF18 and EEF2K 
identified on BTA20 and BTA25, respectively, have also 
been related to embryonic development in mice (Oh-
bayashi et al., 2002; Chu et al., 2014). The strongest 
association on BTA20, rs110249317 (at 3.1 Mb), was 
an intronic variant within the candidate gene FGF18. 
This gene encodes the member of the fibroblast growth 
factor family that is known to be involved in a variety 
of biological processes, including embryonic develop-
ment, cell growth, morphogenesis, tissue repair, tumor 
growth, and invasion (Ornitz and Itoh, 2015). Ohbayas-
hi et al. (2002) reported that deletion of the FGF18 
gene affected skeletal development in mice embryos by 
reducing the proliferation of osteogenic mesenchymal 
cells and terminal differentiation of osteoblasts in the 
calvarial bone. Similarly, the lead SNP rs137098518 (at 
20.1 Mb) on BTA25 is an intronic variant within the 
candidate gene EEF2K and encodes a highly conserved 
protein kinase enzyme, which plays a key role in the 
calmodulin-mediated signaling pathway that links acti-
vation of cell surface receptors to cell division (Berch-
told and Villalobo, 2014). Deletion of the gene EEF2K 
in mice has been shown to result in reduced ovarian 
apoptosis, with consequent accumulation of aberrant 
follicles and defective oocytes at advanced reproduc-
tive age (Chu et al., 2014). Perhaps, numerically fewer 
pregnancy losses observed in cows with high circulating 
AMH in the present study could be at least partially 
explained by the functions of the above 4 candidate 
genes that are in linkage disequilibrium with genetic 
markers identified for variation in circulating AMH 
concentration. However, these genomic associations 
would require validation in dairy cows. In addition, it 
is important that we recognize that fertility is a highly 
polygenic trait under the control of thousands of SNP 
effects (Minozzi et al., 2013) and these candidate genes 
are some of many that contribute marginally to the 
phenotypic variance.
In summary, we identified 4 main results: (1) serum 
AMH concentrations were not associated with herd, 
precalving BCS, postpartum week, and season of sam-
pling, but lactation number had a quadratic relation-
ship with serum AMH concentrations; (2) an optimum 
circulating AMH threshold predictive of P/AI could 
not be established; (3) categories of serum AMH had 
no associations with P/AI, PLOSS, or pregnancy risk 
up to 250 d postpartum; and (4) one candidate gene as-
sociated with AMH production (AMH gene on BTA7) 
and 4 candidate genes related to embryo development 
Figure 4. Manhattan plot of the genome-wide association P-values for transformed serum anti-Müllerian hormone concentrations across 589 
genotyped lactating Holstein cows. The horizontal line indicates significant SNP identified across 12 BTA (BTA3, 5, 7, 9, 11, 12, 18, 20, 21, 22, 
24, and 25) after adjusting for a false discovery rate of <0.05. Color version available online.
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(SCAI and PPP6C genes on BTA11 and FGF18 and 
EEF2K genes on BTA20 and BTA25, respectively) 
were in linkage disequilibrium with SNP associated 
with phenotypic variation in serum AMH in dairy cows.
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